Near infrared spectroscopy (NIRS) is a noninvasive and real-time method for monitoring oxy-[HbO 2 ] and deoxyhemoglobin [Hb] in tissue, and is suitable for intraoperative monitoring. In this study, NIRS monitoring was performed on 10 patients during carotid cross-clamping. The data were analyzed with a theoretical cerebral hemoglobin model developed to identify an ischemic pattern using NIRS parameters. Keywords near infrared spectroscopy; hemoglobin; cerebral blood flow and metabolism; carotid endarterectomy; intraoperative monitoring.
INTRODUCTION
Near infrared spectroscopy (NIRS) is a method of monitoring oxy-[HbO 2 ] and deoxyhemoglobin [Hb] in tissue by measuring the emitted laser light, which is attenuated by absorption by these molecules according to the Beer-Lambert relationship of the concentration of chromophore and the attenuated light. Because of the noninvasive and realtime nature of this technology, NIRS is widely used in several clinical situations, such as monitoring neonates in hypoxia, 1 during surgery under cardiac arrest, 2 and during carotid endarterectomy. 3, 4 It is also used for brain activation studies 5 or physiological studies 6 in healthy subjects.
However, interpretation of its measured values is not easy and is sometimes misleading. At the moment, NIRS parameters are represented as the relative changes of [HbO 2 ] and [Hb] , and no reliable method has been reported that can correlate the NIRS data with the parameters of cerebral blood flow and metabolism. Therefore interpretation and validation of the NIRS parameters are usually carried out by simultaneously performing other techniques, such as 133 Xe clearance, 7 jugular bulb oximetry, 8 transcranial Doppler, 4 or positron emission tomography. 9 To evaluate the ischemic status of the brain by NIRS, the correlation between cerebral hemoglobin and the regional oxygen extraction fraction (rOEF) should be analyzed.
For carotid endarterectomies, the usefulness of intraoperative monitoring techniques, including internal carotid artery (ICA) stump pressure measurements, 10, 11 xenon rCBF studies, 12 transcranial Doppler, 13 electroencephalogram (EEG), 14 and somatosensory-evoked potentials 15 has been reported. The potential of NIRS methodology in endarterectomy was first demonstrated by the work of Ferrari et al. in which a carotid compression test on candidates for carotid endarterectomy showed a correlation between a slowing EEG and a fall in NIRS parameters (hemoglobin content and oxygenation). 16 NIRS could also register changes in cerebral oxygenation during carotid endarterectomy without significant contamination from extracranial tissues and showed a good correlation with the values from transcranial Doppler. 4 In this study, NIRS monitoring was performed on 10 patients during carotid cross-clamping. The data were analyzed with a theoretical cerebral hemoglobin model developed to identify an ischemic pattern using NIRS parameters. Relative changes in [HbO 2 ] and [Hb] measured by NIRS were correlated with changes in blood flow of the internal carotid artery measured by a magnetic flowmeter and stump pressure of the internal carotid arteries.
MATERIALS AND METHODS

PATIENTS AND OPERATIONS
NIRS monitoring was performed in 9 patients with carotid endarterectomy and in 1 patient with a subclavian-internal carotid artery bypass. All the patients had internal carotid artery stenosis with transient ischemic attacks (TIAs). A decreased hemodynamic  reserve  was  confirmed  by   99m   Tc-hexamethlypropyleneamine oxime singlephoton  emission  computed  tomography  (   99m   Tc-HMPAO SPECT) or xenon-enhanced computed tomography (Xe-CT). Preoperative CT scans did not show any ischemic lesions in the frontal lobe.
The operations were performed under general anesthesia and maintained mainly with fentanyl and a low dose of isoflurane (0.2%). After exposure of common, internal (ICA) and external carotid arteries, 1 ml of 1.0% xylocaine was injected in the carotid sinus, and 5000 U of heparin was given systematically. After measurements of stump pressure of the ICA, blood flow of the ICA was measured by a magnetic flowmeter (Nihon Kohden, Japan). EEG monitoring was also performed.
NIRS MEASUREMENT
A cerebral oxygenation measuring system, NIRO-500 (Hamamatsu Photonics K.K., Japan), was used to measure the concentration changes in oxy-[HbO 2 ] and deoxyhemoglobin [Hb] . The NIRO-500 has four laser diodes (LD) for measurements with wavelengths of 775, 825, 850, and 904 nm. The light transmitted through the head is detected by a photomultiplier tube. Two optodes, one for emitting pulsed laser light and the other for detecting the attenuated light, were mounted on the ipsilateral forehead, avoiding close contact with blood vessels and muscles. The distance of these two optodes was set at 5 cm. An optical path length of 30 cm was calculated from the distance of the optodes assuming an optical path length factor of 5.93 for the adult head. 17 Sample time was set at 1 s. The data were collected with a personal computer and 1-min averages were graphically displayed and analyzed. 
Definitions
First, the following values are defined as functions of time in a spectroscopically measured cerebral tissue.
Regional cerebral arterial blood volume: Vol a (ml) Regional cerebral venous blood volume: Vol v (ml)
Regional cerebral tissue volume (including vascular volume): Vol c (ml) Second, the following values are defined as functions of time in the volumes defined above:
Regional cerebral arterial oxyhemoglobin concentration: [HbO 2 ] a (mol/100 ml blood)
Regional cerebral venous oxyhemoglobin concentration: [HbO 2 ] v (mol/100 ml blood)
Regional cerebral oxyhemoglobin concentration: [HbO 2 ] c (mol/100 ml brain tissue)
Regional cerebral arterial deoxyhemoglobin concentration: [Hb] a (mol/100 ml blood)
Regional cerebral venous deoxyhemoglobin concentration: [Hb] v (mol/100 ml blood)
Regional cerebral deoxyhemoglobin concentration: [Hb] c (mol/100 ml brain tissue) Using these functions, the following values are further defined as functions of time:
Regional cerebral blood volume fraction:
Regional cerebral venous blood volume fraction:
Regional cerebral oxygen extraction fraction (based on assumption 6):
Regional cerebral arterial oxygen saturation:
Regional cerebrovascular oxygen saturation:
Calculations
From assumption (4) the following equation can be described:
From the definitions above and assumption (3), the following equations were derived:
Regional cerebral oxyhemoglobin concentration:
Regional cerebral deoxyhemoglobin concentration:
Inserting Eqs. (5) and (6) into Eq. (3),
Inserting Eqs. (1) and (2) into Eq. (7):
Using this equation, the correlation between the rOEF and S c O 2 under different rVVF values is graphically displayed in Figure 1 .
Inserting Eq. (3) into Eq. (8),
When the baseline values are represented as [Hb] c0 , [HbO 2 ] c0 , rVVF 0 , and rOEF 0 , Eq. (9) is described based on assumption (5) as
Now it is necessary to introduce the following terms to represent relative changes in each parameter during a measurement: 
From Eqs. (9) and (10) the following equation is derived: 
RESULTS
No significant bleeding that would influence total hemoglobin values was observed during the carotid cross-clamping. In the early postoperative period, no complications and no aggravation of preexisting clinical symptoms were observed. Arterial oxygen saturation, systemic blood pressure, central venous pressure, and end-tidal CO 2 were maintained almost constant.
In 8 patients, the measurements were successful until the end, and allowed for exact analysis of the data. In the remaining 2 patients, apparent artifacts were recognized during the measurement, probably due to the movement of the optodes. The monitoring data are summarized in Table 1 .
In this study, temporary profiles of cerebral hemoglobin signals during carotid endarterectomy Figure 2) ; however, it did not correlate with the ICA stump pressure (r=0.01, p not significant) (Figure 3) .
The second phase begins when the initial changes in the hemoglobin signals have stabilized and lasts until clamp release. According to the degree of recovery of [HbO 2 ] to the preclamping baseline level, three different patterns were observed in this phase: A complete recovery pattern of [HbO 2 ], which occurred when the value recovered almost to the baseline or more during clamping, was observed within 5 to 10 min after clamping in 3 patients [ Figure 4(a) ]. In these patients [HbO 2 ] values remained near the baseline level thereafter. An incomplete recovery pattern, when the value recovered by more than 30% of the initial decrease, was observed in 3 patients [ Figure 4(b) ]. No recovery pattern, which occurred when the value recovered by less than 30% of the initial decrease, was observed in the remaining 2 patients [Fig. 4(c) ]. In one patient with the no recovery pattern, temporal slowing of the EEG was also observed and a barbiturate was given for cerebral protection against ischemia. The other case with this pattern was a patient with an arteriovenous malformation (AVM) in the ipsilateral frontal lobe. In 2 patients, a rapid decrease in [HbO 2 ] and their recovery in several minutes was observed [ Figure 4(b) ].
With respect to correlation with ICA stump pressure, 3 of the 4 patients with ICA stump pressure over 50 mmHg showed a complete recovery pattern, while all 4 patients with an ICA stump pressure under 50 mmHg showed an incomplete recovery pattern or no recovery pattern with NIRS (Table  2) . Also, 5 patients with an increase in [Hb t ] during the clamping showed a stump pressure over 35 mmHg, while, except for the patient with the AVM, 2 patients with a decrease in [Hb t ] showed a stump pressure under 35 mmHg (Table 3 ).
In the last phase, immediately after clamp release, 
DISCUSSION
THEORETICAL MODEL
Several assumptions are necessary in order to establish a cerebral hemoglobin compartment model to correlate the NIRS parameters with the conventional parameters of cerebral blood flow and metabolism. The first assumption (i.e., that the sampled cerebral tissue is optically homogeneous) is the basis for the interpretation of NIRS measurement. The second assumption (i.e., all the hemoglobin is in the intravascular space) seems to agree with reality in the absence of a subcutaneous or intracranial hematoma. The capillaries, in which the hemoglobin saturation may lie between that of arteries or veins, constitute less than 20% of the total cerebral vascular bed and oxygen exchange is almost instantaneous. Therefore, the third assumption (i.e., intravascular hemoglobin is classified into only two compartments) does not distort reality too much. Assumption 4 may be justified, because the difference of hematocrit values among the arteries, capillaries, and veins, although present, is much smaller than the difference of their hemoglobin saturations. Normally cerebral arterial oxygen saturation is equal to systemic arterial oxygen saturation. Arterial oxygen saturation may not be con- 2 ] to return to the preclamping baseline. In this case, a slowing of the EEG was recognized, and pentobarbital was given to protect the brain. stant during a measurement, especially in patients with cardiopulmonary disease and subsequent hypoxia. For patients with normal cardiopulmonary function under general anesthesia, SaO 2 is generally stable and therefore the fifth assumption (i.e., cerebral arterial oxygen saturation is equal to the systemic arterial oxygen saturation and remains constant during the measurement) can be applied.
According to our cerebral hemoglobin model, a simultaneous increase in [Hb] These discussions are based on the assumption that the impact of the change in the rVVF is reasonably small. However, no direct method is known that can evaluate rVVF at the moment, and there are very little hard data regarding the absolute value of this fraction and its consistency. Therefore, we have made a simulation study to evaluate the possible effect of the changes in rVVF on the correlation between S c O 2 and rOEF. According to this simulation, S c O 2 and rOEF are linearly correlated at constant rVVF values (Fig. 1) . In this simulation, we A correlation between spectroscopically measured regional S c O 2 and global cerebrovascular saturation measured by jugular bulb oximetry has also been reported using two extremes of the ratio of regional cerebral venous blood volume to regional total cerebral blood volume (rVVF of our model) (0.72 and 0.82). 8 The authors assumed from these results that distributional changes in blood volume do not significantly alter the relation of spectroscopically measured cerebrovascular oxygen saturation and suggested that NIRS measurements reflect changes in hemoglobin oxygenation mainly in mixed venous blood.
Although the impact of rVVF on this relationship seems small, it is not negligible. Furthermore, the movement of rVVF under pathological conditions has not been studied in detail. Therefore, further studies on the shifts in the relative size of the arterial and venous compartments under normal and pathological conditions are necessary for a more precise estimate of cerebral blood flow and metabolism using NIRS parameters.
MOVEMENT OF NIRS PARAMETER DURING CAROTID CROSS-CLAMPING
A rapid decrease in [HbO 2 ] and an increase in [Hb] after carotid cross-clamping have been reported. 4 The present study also confirms this report; the typical reciprocal changes in [ and ICA blood flow measured by a magnetic flowmeter was observed (Fig. 2) . These results suggest that the initial phase may represent the degree of decrease in cerebral blood flow caused by carotid cross-clamping.
In the second phase, changing patterns of [HbO 2 ] were individually different and could be classified into the following three groups: complete recovery, incomplete recovery, and no recovery patterns. This is a modification of the classification by Yamane et al., 3 who proposed classification into no changes, no recovery, and recovery patterns. In the present study, their recovery pattern was further divided into complete and incomplete recovery to correlate with the stump pressure values. Their no change pattern was not observed, probably due to the small number of cases.
Although the number is not enough for statistical analysis, 3 patients with complete recoveries of [HbO 2 ] during carotid clamping showed a stump pressure that was more than 50 mmHg, while 3 patients with incomplete recoveries of [HbO 2 ] showed a stump pressure under 50 mmHg (Table 2) . Since an ICA stump pressure of more than 50 mmHg is generally regarded as representing sufficient collateral circulation, 11 these correlations suggest that [HbO 2 ] recovery in the second phase may represent the amount of hemodynamic reserve during carotid cross-clamping. And, as shown in the results, the no recovery pattern, which indicates no hemodynamic reserve, may require special attention; a careful monitoring of EEG, and if necessary, elevation of blood pressure or administration of a barbiturate should be indicated. For the other case with a cerebral AVM, it is speculated that the brain had a smaller hemodynamic reserve due to the AVM.
Rapid reciprocal changes in [HbO 2 ] and [Hb], which recovered in several minutes, were observed during the second phase in 2 cases. Since no apparent changes were observed in the physiological parameters during these periods, these short-lasting ischemic changes could be caused by transient silent embolic events during carotid cross-clamping.
In the last phase, changes similar those in the initial phase were observed. Reciprocal changes in [HbO 2 ] and [Hb] were observed, and the degree of [HbO 2 ] increase had a possible correlation with post clamping ICA blood flow. This last phase represents the reperfusion status after clamp release. Therefore, the lack of an appropriate increase in [HbO 2 ] in the last phase would be a warning of a possible failure of revascularization and would require an immediate revision of the carotid artery.
These correlations of NIRS values with those of a magnetic flowmeter and ICA stump pressure sug- 
